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The Auger Observatory

• Threshold for full efficiency: 3 EeV

• Median energy: ~300 PeV

• Data set: 01/01/2004 - 31/12/2010 

• Exposure: 20,905 km .sr.yr 2
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Large scale anisotropies 
at EeV energies ?

Origin of ultra-high energy cosmic rays

Magnetic fields
At low energy Galactic Magnetic Field (GMF) and InterGalactic

Magnetic Field (IGMF) deflect CR particles
UHECRs are very little deflected

only for E/Z >> 1019 eV deflections become less than a few degrees 
and C R astronomy could become feasible

propagation in G alactic magnetic fields
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* %+Cosmic rays are deflected as :

δ ! 3◦ B
3µG

L
kpc

6 × 1019eVE/Z

Regular component of MF follows
spiral arms

Regular component
B0 = 2 − 3µG coherent over
scales of kpc

Random component with
Brms = fewµG

Intergalactic magnetic field ?

Only for E/Z >> 1019 eV it is possible to point to the source direction
Carla MACOLINO (LPNHE-CNRS Paris) The Pierre Auger Observatory and Cosmic Ray Physics22nd Rencontres de Blois 46 / 52

• Time honored picture: the 
galactic magnetic field can 
«isotropize» EeV(/Z) CRs: 
Dipolar anisotropies at the % 
level could be left by diffusion/
drift motions of galactic CRs

• If extra-galactic, a small 
anisotropy may exist due to 
our motion with respect to the 
frame of extra-galactic isotropy[Harari et al., 1999]
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First harmonic analyses in RA

• Difference between the counting rate from 
E/W related to the RA modulation:

• Compute the Fourier coefficients:

• RA amplitude and phase of the dipolar 
modulation:

For energies E<1EeV, weather effects affect

the detection efficiency in a larger extent

 Compute the Fourier coefficients:

  Difference between the counting rate from East/West is related to the RA modulation :

 RA amplitude and phase of the dipolar modulation

5H. Lyberis, for the P. Auger Collaboration
First harmonic analysis

OBSERVATORY

East-West method: (see ref astro-ph/1106.2651 )

 the factor                is the conversion from dipole amplitude to RA amplitude

 to convert the phase to the one of the first harmonic analysis, we need to add 90°

N.B. :     
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<1 EeV: E/W method>1 EeV: Rayleigh analysis

• Dipolar modulations of experimental origin: 
exposure modulation and «weather effects»

• Compute the Fourier coefficients:

• Conversion of the shower size into energy 
taking into account the actual atmosphere to 
a reference one (OK ≈saturation energy)

  Rayleigh analysis (E>1EeV)
 Dipolar modulation of experimental origin

1-

{
2- Conversion of the shower size into energy 

taking into account the atmospheric (P,!) 

to a reference one (P0,!0)

3H. Lyberis, for the P. Auger Collaboration
First harmonic analysis

OBSERVATORY

1 - Exposure modulation

2 - Energy correction due to weather effects
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First harmonic analysis

OBSERVATORY

1 - Exposure modulation

2 - Energy correction due to weather effects
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[Linsley, PRL, 1975, 34] [Bonino et al., ApJ, 2011, 738, 67]
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Spectral analysis above 1 EeV

• Decoupling between 
frequencies clearly observed 
after 7 yrs

• Amplitudes of random 
frequencies within noise

• Spurious sideband effect 
proportional to the solar 
amplitude: important to 
correct this frequency

 Spurious sideband effect is proportional

   to the solar amplitude   

Good control of the exposure and 

the weather effects above 1EeV

4

 no correction: ~4%

 with energy correction: ~3%

 add exposure correction : ~1%

Close to the 

statistical noise

H. Lyberis, for the P. Auger Collaboration
First harmonic analysis

OBSERVATORY Analysis at the solar frequency above 1EeV

 The decoupling between frequencies 

    is now observable after 7 yrs.
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Good control of the exposure and the 
weather effects above 1 EeV
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Analysis of the sidereal frequency
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Differential:

 Energy bin:

E<8 EeV : below energy resolution

E>8 EeV : stat. to detect signal at 2% level

                  (~5000 evts)

 Combined probability to come from isotropic 

   distribution :
~ 45%

Cumulative:

No further 

evidence

H. Lyberis, for the P. Auger Collaboration
First harmonic analysis

Figure 2

Figure 3

OBSERVATORY

99% upper bounds

for iso. expectation

99% upper bounds

for iso. expectation

vendredi 5 août 2011

• Size of energy bins: 

★ E<8 EeV: below energy resolution

★ E>8 EeV: single bin (statistics)

• Combined probability to come from 
isotropic distribution: ≈45%

Differential:

Cumulative:

• No further evidence
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Upper limits on amplitudes

• Raw measurements depend on the 
latitude of the experiments and on 
the zenithal range available:

• Gal: diffusion in an extended 
turbulent magnetic field

• A/S: drift in the regular magnetic 
field

• C-G Xgal: motion of the galaxy w.r.t 
the CMB reference frameEnergy [eV]

1410 1510 1610 1710 1810 1910 2010

 E
qu

at
or

ia
l d

ip
ol

e 
d

-410

-310

-210

-110

1

A

S

C-G XGal

EAS-TOP

KASCADE

Gran
de AGASA

Auger

Gal

 Measurmet depends on:

Energy [eV]

1410
15

10
16

10 1710
18

10
19

10
20

10

 E
q

u
a

to
ri
a

l 
d

ip
o

le
 d

-410

-310

-210

-110

1

A

S

C-G XGal

EAS-TOP

KASC
AD

E

G
ra

nd
e AGASA

Auger

Gal

7

 Comparison with other

   experiments

H. Lyberis, for the P. Auger Collaboration
First harmonic analysis

Figure 4

 

OBSERVATORY

 latitude of the experiment
 range of !

 Comparison with models:

 Gal: diffuse motion due to Bturb

 A/S: drift motion due to Breg

 C-G XGal:

motion of the Galaxy with respect to the CMB reference 

frame - supposed to be the frame of extragalactic isotropy

vendredi 5 août 2011
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Sensitivity to large scale anisotropy:
Phases vs Amplitudes

Pure isotropy
Almost isotropy

(signal size = mean noise)
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Phase test: Linsley’s «2nd alternative»

the likelihood functions of any of the hypotheses may be built as :

L0 =

Nbins
∏

i=1

p0(ϕi), L1 =

Nbins
∏

i=1

p1(ϕi; r0, ϕ0). (17)

Without any knowledge of the expected amplitudes r0(E) in each bin, the values consid-

ered in L1 are the measurements performed in each energy interval. For the expected phases

ϕ0(E) as a function of energy, we use an arctangent function adjusted on the data as illus-

trated by the dashed line in Fig. 6. Since the observed smooth evolution of the phase dis-

tribution is potentially interesting, we aim at testing the fraction of random samples whose

behaviour in adjacent energy bins would show such a potential interest. To do so, we use

the method of the likelihood ratio test, computing the −2 ln(λ) statistic where λ = L0/L1.

Using only Nbins = 6, the asymptotic behaviour of the −2 ln(λ) statistic is not reached.
Hence, the p.d.f. of −2 ln(λ) under the hypothesis of isotropy is built by repeating exactly
the same procedure on a large number of isotropic samples : in each sample, the same func-

tional shape than the one used in the data is fitted, and the corresponding value of−2 ln(λ) is
calculated. In that way, any alignments, smooth evolutions or abrupt transitions of phases

in random samples contribute to high values of the −2 ln(λ) distribution. The probabil-
ity that the hypothesis of isotropy better reproduces our phase measurements compared to

the alternative hypothesis is then calculated by integrating the normalised distribution of

−2 ln(λ) above the value measured in the data. It is found to be " 7 · 10−4.
It is important to stress that no confidence level can be built from this report as we

did not perform an a priori search for a smooth transition in the phase measurements. To

confirm the detection of a real transition using only the measurements of the phases with an

independent data set, we need to collect " 1.6 times the number of events analysed here to
reach an efficiency of " 90% to detect the transition at 99%C.L. (in case the observed effect

is genuine). It is also worth noting that with a real underlying anisotropy, a consistency

of the phase measurements in ordered energy intervals is expected with lower statistics

than the detection of amplitudes significantly standing out of the background noise [26,

28]. This behaviour was pointed out by Linsley, quoted in [26] : “if the number of events

available in an experiment is such that the RMS value of r is equal to the true amplitude,

then in a sequence of experiments r will be significant (say P(> r) < 1%) in one experiment

out of ten whereas the phase will be within 50◦ of the true phase in two experiments out of

three.” We have checked this result using Monte Carlo simulations.

An apparent constancy of phase, even when the significances of the amplitudes are rel-

atively small, has been noted previously in surveys of measurements made in the range

1014 < E < 1017 eV [29, 30]. In [29] Greisen and his colleagues comment that most exper-

iments have been conducted at northern latitudes and therefore the reality of the sidereal

waves is not yet established. The present measurement is made with events coming largely

from the southern hemisphere.

5.4. Additional cross-checks against systematic effects above 1 EeV

It is important to verify that the phase effect is not a manifestation of systematic effects,

the amplitudes of which are at the level of the background noise. We provide hereafter
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Sensitivity to large scale anisotropies :
phase versus amplitude measurements

Raffaella Bonino1, Olivier Deligny2, Haris Lyberis2
1 IFSI-INFN, University of Torino, 2 CNRS/IN2P3 - IPN Orsay

I. PHASE AND AMPLITUDE P.D.F.

First harmonic analysis of arrival directions consists in estimating the amplitude and the phase of any (first har-
monic) genuine modulation. The first setp is to estimate x and y through :

x =
2

N

N
∑

i=1

cosαi, y =
2

N

N
∑

i=1

sinαi. (1)

From x and y, estimates r and φ are then deduced through r =
√

x2 + y2 and φ = arctan (y/x). The statistical
properties of r were shown to follow a Rayleigh distribution in case of isotropy, while φ follows a uniform distribution [1].

In case of an underlying genuine signal with amplitude s and phase φ0, as discussed the 2nd alternative of Linsley [1],
the joint p.d.f. pR,Φ(r,φ) of the couple of random variables (R, Φ) is obtained from the change of variables :

pR,Φ(r,φ) = rpX,Y (r cosφ − s cosφ0, r sinφ − s sinφ0). (2)

X and Y may be considered as independent normal variables centered in (x0 = s cosφ0, y0 = s sinφ0) with σ2 = 2/N
as soon as the number of events N is large enough (in practice, a few tens of events is sufficient). The p.d.f. of the
amplitude pR(r) and of the phase pΦ(φ) are thus simply obtained by integrating over φ and r respectively :

pR(r) =
r

σ2
exp

(

−
r2 + s2

2σ2

)

I0

(

rs

σ2

)

, (3)

pΦ(φ) =
1

2π
exp

(

−
s2

2σ2

)

+
s cos (φ − φ0)

2
√

2πσ

(

1 + erf

(

s cos (φ − φ0)√
2σ

))

exp

(

−
s2 sin2 (φ − φ0)

2σ2

)

. (4)

Examples of pR functions are shown in Fig.1-left for N = 30, 000 events, and s = 0 (in blue) and s = 1% (in red). In
such case, the background noise at the level of

√

π/N # 1% dilutes the genuine signal, and only positive fluctuations
may help to detect a significant signal. Meanwhile, using the exactly same parameters, the distributions of the phases
for both cases are shown in Fig.1-right. The p.d.f. in presence of a genuine signal is already almost Gaussian with a
variance (σ/s)2.

Amplitude
0 0.01 0.02 0.03 0.04 0.05

p
.d
.f
.

0

20

40

60

80

100
s=0
s=1%

]°[!
-150 -100 -50 0 50 100 150

p
.d
.f
.

0

0.2

0.4

0.6

s=0
s=1%

FIG. 1: Left: p.d.f. of the first harmonic amplitude for a set of 30,000 events, without any genuine signal (s = 0) and in case
of a genuine signal s = 1%. Right: p.d.f. of the first harmonic phase ψ = φ−φ0 for a set of 30,000 events, without any genuine
signal (s = 0) and in case of a genuine signal s = 1%.
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Detection power: phase vs amplitude
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FIG. 3: Power of the tests on amplitudes (in blue) and on phases (in red) as a function of the number of bins Nb entering in
each test, in case of a genuine signal s = 1% and with N = 30, 000 events in each bin.

Without any prior knowledge of the expected amplitudes s, the inputs given to the L1 function are the measurements
performed in each energy interval. By generating bins of N = 30, 000 events drawn from an isotropic distribution
and by calculating the empirical mean phase to build L1, the distribution of the variable −2 ln (λ) - centered on
〈−2 ln (λ)〉 and scaled by σ−2 ln (λ) - is shown in Fig. 2 for different number of bins Nb entering in the likelihood ratio
test. The null and alternative hypotheses belonging to separate families of hypotheses1, the asymptotic behaviour of
−2 ln (λ) is expected to be Gaussian. This is indeed the case as soon as Nb $ 100. Both 〈−2 ln (λ)〉 and σ−2 ln (λ)

may be calculated analytically, but we do not reproduce this calculation as it is irrelevant to deal with the asymptotic
behaviour (large Nb) in realistic cases. In practice, we are thus left to generate by Monte-Carlo, case by case, the
distribution of −2 ln (λ) considering the null hypothesis as true. The probability for accepting or rejecting the null
hypothesis is thus calculated by integrating the distribution of −2 ln (λ) above the value found in the data.

III. COMPARISON OF THE POWER OF THE TESTS

An alignment of phases in different adjacent bins ordered in energies is, from Fig.1, expected to occur earlier than
the detection of a significant amplitude. This was pointed out in past [2, 3], and we reproduce below an argument
given by Linsley [2]:

Linsley has given a useful example of the behaviour of amplitude and phase estimates in different experiments. If
the number of events available in an experiment is such that the RMS value of r is equal to the true value of s, then
in a sequence of experiments r will only be significant (say p<1%) in one experiment out of ten whereas the phase will
be within 50 degrees of the true phase in two experiments out of three.

By taking independent bins of N=30,000 events and by injecting in each of them a genuine signal s = 1%, we plot
in Fig.3 the power of the two different tests as a function of the number of bins analysed (the threshold of the test
is fixed here at 1%). Clearly, the consistency of the phase measurements leads to a better power (by a factor greater
than 2).

1 s being fixed (s > 0), pΦ cannot be reduced to piso by fitting only φ0.

5

Toy Model

In this particular case (signal ~ bkg noise)

Test on the amplitude for Nb bins

Toy model : N = 30,000 evts in each bin

True signal of 1%

Variation of the number of bins

Probability to accept isotropy

Isotropy :

follows law

Test on the phase for Nb bins

LL ratio method:

pdf have to be computed

• Phase test ≈2.5 times more efficient 

• A consistency of the phase 
measurement in adjacent energy 
intervals is thus expected with lower 
statistics than that required for the 
amplitude to significantly stand out 
from the background noise
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Previous reports on phases

82 III-2-1, J. DELVAILLE, F. KENDZIORSKI and K. GEEISEN

Channel

Backg'nd

2-3-4

1-2-5

150M

150M/R

600M

Median
Shower

Size

1

2x10*

6x10*

2.7xl03

1.4x10"

7.5xlOB

Solar Wave (Pressure and
Temperature Corrected)

Amplitude

0.30

0.41

0.25

0.47

0.89

2.53

Phase

' 15.2

13.6

19.5

0.8

0.2

2.3

Probability

4x10 -»

0.025

18.4

3.6

8.3

10.6

Sidereal Wave (Corrected by
Antisidereal Wave)

Amplitude

0.02

0.41

0.46

0.59

0.70

3.04

Phase

14.6

13.8

19.8

16,0

13.0

15,3

Probability

97.3

1,6

6.0

7.5

46.0

19.8

^amplitude modulation (no phase modulation)
of the solar harmonics. Proper account was
taken of the consequent increase in the
statistical error of the results.

As for the results themselves, no consistent
or highly significant second harmonics were
found in either solar or sidereal time. The
results for the first harmonics are given in
the following table. "Phase" means time of
the maximum; "probability" means the
probability of an amplitude that large or
larger arising from random deviations, of
magnitude determined by the residual vari-
ance of the data. Amplitude and probability
are given in percent, phase in hours of local
time.

The solar effects are obviously real. Their
variation in amplitude and phase with in-
creasing separation of the counters indicates
clearly that they are a residual temperature
effect of the atmosphere on the EAS.

The sidereal first harmonics are remarka-
bly consistent in phase, and the probability
is rather small that they could be due to
chance, especially the results for showers of
10*<JV<10«.

We have investigated the reality of the
spurious harmonics arising from seasonal
modulation of solar atmospheric effects. Dur-
ing 1958 and 1959, the average annual modul-
ation of the sea-level diurnal temperature
cycle was 64%, creating large spurious tem-
perature cycles in both sidereal and antisi-
dereal time. These waves were mostly but
not entirely accounted for by an amplitude
modulation; some phase modulation had to
be introduced to account for them entirely.
Moreover, the apparent temperature coef-
ficient of EAS underwent substantial annual
variation (perhaps associated with humidity,
or with the varying relation of sea-level to

upper air temperatures). If the EAS rates
suffer phase modulation as well as ampli-
tude modulation of a solar variation, the
antisidereal wave bears an unknown phase
relation to the spurious sidereal wave, and
corrections such as we have applied are
inaccurate. Error in the correction is also
introduced by inaccuracy in the phase of the
solar wave. We estimate that on these ac-
counts, a residual spurious amplitude of a
few tenths of a percent could arise in sidereal
time. Therefore we regard our results in
the above table as not constituting strong
evidence of a real asymmetry in the primary
cosmic rays.

One must still account for a remarkable
consistency in phase among measurements of
primary asymmetry by many different ex-

Experimental Phases
o

22

18

16

10

Radial Distance = Ratio of Amplitude
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^amplitude modulation (no phase modulation)
of the solar harmonics. Proper account was
taken of the consequent increase in the
statistical error of the results.

As for the results themselves, no consistent
or highly significant second harmonics were
found in either solar or sidereal time. The
results for the first harmonics are given in
the following table. "Phase" means time of
the maximum; "probability" means the
probability of an amplitude that large or
larger arising from random deviations, of
magnitude determined by the residual vari-
ance of the data. Amplitude and probability
are given in percent, phase in hours of local
time.

The solar effects are obviously real. Their
variation in amplitude and phase with in-
creasing separation of the counters indicates
clearly that they are a residual temperature
effect of the atmosphere on the EAS.

The sidereal first harmonics are remarka-
bly consistent in phase, and the probability
is rather small that they could be due to
chance, especially the results for showers of
10*<JV<10«.

We have investigated the reality of the
spurious harmonics arising from seasonal
modulation of solar atmospheric effects. Dur-
ing 1958 and 1959, the average annual modul-
ation of the sea-level diurnal temperature
cycle was 64%, creating large spurious tem-
perature cycles in both sidereal and antisi-
dereal time. These waves were mostly but
not entirely accounted for by an amplitude
modulation; some phase modulation had to
be introduced to account for them entirely.
Moreover, the apparent temperature coef-
ficient of EAS underwent substantial annual
variation (perhaps associated with humidity,
or with the varying relation of sea-level to

upper air temperatures). If the EAS rates
suffer phase modulation as well as ampli-
tude modulation of a solar variation, the
antisidereal wave bears an unknown phase
relation to the spurious sidereal wave, and
corrections such as we have applied are
inaccurate. Error in the correction is also
introduced by inaccuracy in the phase of the
solar wave. We estimate that on these ac-
counts, a residual spurious amplitude of a
few tenths of a percent could arise in sidereal
time. Therefore we regard our results in
the above table as not constituting strong
evidence of a real asymmetry in the primary
cosmic rays.

One must still account for a remarkable
consistency in phase among measurements of
primary asymmetry by many different ex-
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Primaries 83

perimenters at different places on the earth, and showers of special types in § 4 above.
Fig. 11 shows the distribution of phase and Since the majority of the EAS experiments
amplitude among various results that have have been conducted in the northern hemi-
been reported from EAS experiments at sphere, atmospheric effects such as those
Naimi Tal, Yakutsk, Chacaltaya, Pic du discussed above might account for some con-
Midi, Manchester, Auckland, Harwell, Leeds, sistency in phase of spurious sidereal varia-
Pisa, and Ithaca; as well as background tions found by different observers. There-
measurements with ion chambers and counter fore we regard the reality of these sidereal
telescope at Cheltenham, Christchurch, Ho- waves as not yet established, but in need of
bart, Huancayo, and Tokyo. There is a clear further investigation, especially by experi-
tendency for maxima to occur around 20 ments widely distributed in latitude, or at
hours l.s.t., not far from the right ascensions the equator,
of the galactic center, the inwards-directed
spiral arm, and the expected maximum of References

the Compton-Getting effect—also not far from i) Clark, Earl, Kraushaar, Linsley, Rossi, Scherb,
the minimum reported for very large showers and Scott: Phys. Rev. 122 (1961) 637.

Discussion

Yamaguchi, Y.: Do you have an experimental test on the axial symmetry in the
lateral distribution of EAS?

Greisen, K.: Statistical fluctuation in pulse heights conceals small asymmetries in
individual showers. The average azimuthal asymmetry was used to study the absorp-
tion of. particles in inclined showers. However, no large azimuthal asymmetries were
apparent in individual cases, and the average asymmetry due to the particle absorp-
tion is very little.

Oda, M.: About the temperature effect. Would not the observations over cycles
of seasons deduce the effect?

Greisen: The experiments on asymmetry of small showers have in general been
carried out over complete years so that a periodic solar effect on the atmosphere
would not generate any spurious counting rate variation synchronized with sidereal
time. However, the solar effects are not exactly periodic in solar time. There is a
seasonal variation in the amplitude if the diurnal atmospheric temperature changes,
and apparently also in the phase of these effects. Besides, the temperature coefficient
of the counting rates seems to vary seasonally. All of these effects can generate a
small spurious variation of counting rate that seems to be synchronized in sidereal
time. It is this that causes insecurity in those experiments of high statistical ac-
curacy, which have yielded very small, but positive, amplitudes of sidereal time
variations.

Millar, D. D.: Since fluctuation in pulse height from a scintillator for a given
incident particle density to be asymmetric (due to nuclear interactions, ^-meson
knock-on shower for example), what effect is this likely to have on the determination
of shower size?

Greisen: Asymmetric fluctuations in pulse heights present a very real danger. How-
ever, both the Cornell and MIT groups have studied the fluctuations and found them
to be in good agreement with a Poisson distribution. In rare cases, a larger pulse is
seen than would be expected from the Poisson distribution of random, particles; and
events may represent nuclear interaction in the plastic. However, such events are
not only rare, but always rather small in pulse height. The scintillators were too
thin to cause large multiplication of a local nuclear cascade.
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Greisen: Asymmetric fluctuations in pulse heights present a very real danger. How-
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not only rare, but always rather small in pulse height. The scintillators were too
thin to cause large multiplication of a local nuclear cascade.
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Previous reports on phases
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Solar Wave (Pressure and
Temperature Corrected)

Amplitude

0.30
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2.3

Probability
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8.3
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Sidereal Wave (Corrected by
Antisidereal Wave)

Amplitude

0.02

0.41
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0.59

0.70

3.04

Phase

14.6

13.8
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15,3
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1,6

6.0

7.5

46.0

19.8

^amplitude modulation (no phase modulation)
of the solar harmonics. Proper account was
taken of the consequent increase in the
statistical error of the results.

As for the results themselves, no consistent
or highly significant second harmonics were
found in either solar or sidereal time. The
results for the first harmonics are given in
the following table. "Phase" means time of
the maximum; "probability" means the
probability of an amplitude that large or
larger arising from random deviations, of
magnitude determined by the residual vari-
ance of the data. Amplitude and probability
are given in percent, phase in hours of local
time.

The solar effects are obviously real. Their
variation in amplitude and phase with in-
creasing separation of the counters indicates
clearly that they are a residual temperature
effect of the atmosphere on the EAS.

The sidereal first harmonics are remarka-
bly consistent in phase, and the probability
is rather small that they could be due to
chance, especially the results for showers of
10*<JV<10«.

We have investigated the reality of the
spurious harmonics arising from seasonal
modulation of solar atmospheric effects. Dur-
ing 1958 and 1959, the average annual modul-
ation of the sea-level diurnal temperature
cycle was 64%, creating large spurious tem-
perature cycles in both sidereal and antisi-
dereal time. These waves were mostly but
not entirely accounted for by an amplitude
modulation; some phase modulation had to
be introduced to account for them entirely.
Moreover, the apparent temperature coef-
ficient of EAS underwent substantial annual
variation (perhaps associated with humidity,
or with the varying relation of sea-level to

upper air temperatures). If the EAS rates
suffer phase modulation as well as ampli-
tude modulation of a solar variation, the
antisidereal wave bears an unknown phase
relation to the spurious sidereal wave, and
corrections such as we have applied are
inaccurate. Error in the correction is also
introduced by inaccuracy in the phase of the
solar wave. We estimate that on these ac-
counts, a residual spurious amplitude of a
few tenths of a percent could arise in sidereal
time. Therefore we regard our results in
the above table as not constituting strong
evidence of a real asymmetry in the primary
cosmic rays.

One must still account for a remarkable
consistency in phase among measurements of
primary asymmetry by many different ex-
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Radial Distance = Ratio of Amplitude
to Random Walk.

Open Circles = Background Measurements
at arbitrary Radio!
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Fig. 11.

Haverah Park

AGASA 

10  <E/eV<10

(From the AGASA Collaboration, 
Astropart. Phys. 10 (1999) 303-311)

(From Edge et al, 
Journal of Phys. G, 133 (1978))
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Previous/Present reports on phases
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Solar Wave (Pressure and
Temperature Corrected)

Amplitude
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Sidereal Wave (Corrected by
Antisidereal Wave)
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0.02

0.41
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0.70
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^amplitude modulation (no phase modulation)
of the solar harmonics. Proper account was
taken of the consequent increase in the
statistical error of the results.

As for the results themselves, no consistent
or highly significant second harmonics were
found in either solar or sidereal time. The
results for the first harmonics are given in
the following table. "Phase" means time of
the maximum; "probability" means the
probability of an amplitude that large or
larger arising from random deviations, of
magnitude determined by the residual vari-
ance of the data. Amplitude and probability
are given in percent, phase in hours of local
time.

The solar effects are obviously real. Their
variation in amplitude and phase with in-
creasing separation of the counters indicates
clearly that they are a residual temperature
effect of the atmosphere on the EAS.

The sidereal first harmonics are remarka-
bly consistent in phase, and the probability
is rather small that they could be due to
chance, especially the results for showers of
10*<JV<10«.

We have investigated the reality of the
spurious harmonics arising from seasonal
modulation of solar atmospheric effects. Dur-
ing 1958 and 1959, the average annual modul-
ation of the sea-level diurnal temperature
cycle was 64%, creating large spurious tem-
perature cycles in both sidereal and antisi-
dereal time. These waves were mostly but
not entirely accounted for by an amplitude
modulation; some phase modulation had to
be introduced to account for them entirely.
Moreover, the apparent temperature coef-
ficient of EAS underwent substantial annual
variation (perhaps associated with humidity,
or with the varying relation of sea-level to

upper air temperatures). If the EAS rates
suffer phase modulation as well as ampli-
tude modulation of a solar variation, the
antisidereal wave bears an unknown phase
relation to the spurious sidereal wave, and
corrections such as we have applied are
inaccurate. Error in the correction is also
introduced by inaccuracy in the phase of the
solar wave. We estimate that on these ac-
counts, a residual spurious amplitude of a
few tenths of a percent could arise in sidereal
time. Therefore we regard our results in
the above table as not constituting strong
evidence of a real asymmetry in the primary
cosmic rays.

One must still account for a remarkable
consistency in phase among measurements of
primary asymmetry by many different ex-
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Haverah Park

AGASA 

(From the AGASA Collaboration, 
Astropart. Phys. 10 (1999) 303-311)

(From Edge et al, 
Journal of Phys. G, 133 (1978))

Auger 

Future work will profit from the lower 
energy threshold thanks to the low energy 
extension of the observatory

10  <E/eV<1017 18
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Auger results on phases

9H. Lyberis, for the P. Auger Collaboration
First harmonic analysis

 Phase measurement:

 smooth transition in RA from 

   ~ 270° to ~ 90°

 Likelihood test (a posteriori):

Pchance ~10-3
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Figure 8

Galactic Center

Galactic Anti-center

vendredi 5 août 2011

Future work will profit from the lower 
energy threshold thanks to the low energy 
extension of the observatory

• Phase measurements not 
randomly distributed over the 
whole energy range: smooth 
transition from ~270° to ~90°

• Posterior probability from the    
LR test: ~ 0,1%

• Need an independent data set to 
confirm whether the effect is 
genuine or not
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Detection of non-zero amplitudes ?
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Figure 1: Detection power to measure a dipole amplitude standing out from the background with a

significance lower than 0.001 as a function of years. Left : ina single energy bin 0.25 < � /EeV < 1,
for a signal strength of half a percent. Right : above a single energy threshold � > 3 EeV, for two
signal strengths.
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Figure 2: Detection power to measure 
 � 	 � 	 � � � � � � � � � � � � a dipole amplitude standing out from the
background with a significance lower than 0.001 as a function of years.
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2 possible scenarios from Auger data
(assuming the phase effect is genuine) 
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• Evanescent sub-dominant component 
highly anisotropic (iron) «snowed» by an 
isotropic background (proton/helium) ?

• Main component (proton/helium) slightly 
anisotropic ?

Need of anisotropy studies by 
separating components (masses)
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Summary

• No significant measurements of a non-zero first harmonic 
amplitude

• At EeV energies, stringent bounds obtained

• Consistent phase measurements between ~1 PeV and 1 EeV, 
close to the RA of the Galactic Center

• Auger phase measurements not randomly distributed over the 
whole energy range: smooth transition from ~270° to ~90° in 
RA

• Need an independent data set to confirm whether the effect is 
genuine or not


